Abstract -Heat and drought were extreme in summer 2003 in Europe. Climatic data show that most extreme were maximum air temperatures in June and August; maps of these two months show a striking similarity in geographical range. Over wide regions, monthly mean temperatures were more than 4
INTRODUCTION
Abrupt changes in frequency, location or intensity of extreme meteorological events (floods, drought, storms, etc.) have direct and severe effects on ecosystems and society, resulting in social and economic costs and even loss of life [19, 21, 24] . Climate change and the increased intensity of extreme weather events may push us to the limits of adaptive capacity in the future, and therefore increase our vulnerability. In general, it is a formidable task to estimate potential climaterelated damages and vulnerability but there exists evidence that assets located in densely populated areas could be affected most seriously [5, 6, 14, 18] . Consequently, the assessment of future meteorological risks has become important to policymakers [12, 33] . Climate synopsis and analysis of recent events can be one valuable way to reduce the deficits in our knowledge.
* Corresponding author: Rebetez@wsl.ch Climate change may affect the energy, water, and nutrient balance of forest ecosystems [10, 25, 29, 35] . More frequent extreme meteorological events will leave trees chronically stressed [28] and possibly more vulnerable to secondary damages [14, 36] like those caused by bark beetles [17] .
The purpose of the present paper is to characterise the exceptional weather conditions of the summer 2003 in Europe that may directly or indirectly affect forest ecosystems. The analysis of the consequences of these meteorological conditions for forest ecosystems will be done in the following papers of this volume [1, 3, 8, 30] . Here we first review the main features of the weather of summer 2003 and then we introduce complementary analyses and results useful for forest ecosystem studies.
Recent analyses show clear summer warming and drying trends in Europe in recent decades [11, 18, 22, 27, 32] . Summer 2003 was exceptionally hot over most of central and western Europe, ranging from Spain to Hungary and from Iceland to Greece [11, 32] . Reconstructions based on historical climatology data show that it was by far the hottest summer since at least 1500 AD [16] . Based on mean surface air temperatures, the hottest region was centred over France, northern Italy, western Switzerland and Germany. June and August showed the largest deviations from mean air temperatures compared to the climate standard period [11, 32] .
The heat was linked to persistent anticyclonic situations and exceptionally few cyclonic days from the end of June until the end of August, and in particular to an exceptionally long series of high pressure days in June and to an anomalous stabilising subsidence in August [2, 11] . Atmospheric persistence phenomena, well-known for short-term weather states, can obviously also be observed for longer time scales [4] . These may be due to stable atmospheric circulation pattern whose occurence and duration can be increased if climate change comes true.
In the Alps, anomalous maximum air temperatures were positively correlated with sunshine duration and anomalous minimum air temperatures were negatively correlated with altitude [27] . In combination with very low precipitation [20, 31] , the extreme air temperatures led to an exceptionally dry summer 2003 over large parts of Europe. Forest ecosystems were exposed to drought in many European countries [11] . As a complement to previous studies, we assess the intensity of the 2003 heat and drought in view of their consequences for forest ecosystems, using several climate parameters, and we compare them to previous climate series. We map mean monthly minimum air temperature and maximum air temperature anomalies for western Europe using data from the World Meteorological Organization (WMO) and Météo France. We also map sunshine duration, air humidity and precipitation anomalies. Air humidity anomalies are estimated using the French global circulation model ARPEGE [7] . Finally, we use data series from some European meteorological stations for precipitation, relative humidity, sunshine duration and PET. We compare the 2003 values for these meteorological parameters to the climate standard period or to the period 1901-2002.
RESULTS

Temperature
Maps of minimum and maximum air temperature ( Fig. 1) show that maximum air temperature in June and in August were extremely high. Over most of Europe, they were more than 4
• C above baseline. Minimum air temperatures in June and August also reached values more than 4
• C above normal in a smaller region, mainly in the South-West, from Eastern Spain to Southern Germany, including most of continental Italy, Sardinia, Corsica, Switzerland, and most of France. August 2003 mean temperature monthly deviations reached +6.0
• C at many weather stations in the south-west of Germany, Eastern France and Western Switzerland.
July was less extreme than June and August, except in Sweden, Finland and Norway. On most of the continent, both minimum and maximum air temperature were between 1 and 3
• C above normal. May was also generally hotter than normal and maximum air temperatures more than 4
• C above normal occurred in the South-East of Europe, from Italy to Bulgaria.
From May to August, monthly minimum and maximum air temperatures were consistently above normal from Portugal to Hungary and from Great-Britain and Denmark to Sicily and Greece. Over most of Europe, only September minimum air temperature and, for southeastern Europe only, September maximum temperature, were below average.
The similarity between the maps of maximum air temperature for June and August is striking. These two months brought extremely high air temperatures over nearly the same area of the continent.
Precipitation
Precipitation was particularly low in June and August ( Fig. 2 ) but all months from May to September were dry. Across wide areas, precipitation was below average from the beginning of the year and stayed largely below the long-term normal values much later.
Freiburg, southwestern Germany, was in the relatively driest area in Europe in summer 2003 (Fig. 3) . 
Relative humidity
Relative humidity was clearly below normal in summer 2003. In some areas, ARPEGE model results showed more than 60 days with a minimum humidity value below the 10th percentile when compared to the reference period 1998-2002 (Fig. 6) . Large regions had more than 40 days below the 10th percentile. Data for the whole year at two stations in the most strongly affected area (Fig. 7) show that low relative humidity was not restricted to the summer period. Mean monthly relative humidity was below normal for all months, at both high and low elevation with the single exception of November at low elevation. 
Potential evapotranspiration (PET)
Potential
DISCUSSION
Our results confirm the exceptional character of the meteorological conditions in summer 2003. They show that it was extremely sunny, dry and hot. Minimum and maximum temperatures were both clearly above normal during that summer, but the anomalies were largest for maximum temperatures in June and August. Hot conditions were not restricted to the three summer months but the whole period of May to September was generally abnormally warm in central and western Europe. Other meteorological parameters were extreme for even longer times. Sunshine duration was above normal during the entire year with late winter (February and March) already showing extremely high relative values compared to long-term norms. Precipitation and relative humidity were below normal during the whole year, with the exception of October or November, respectively. Precipitation remained low until mid- Previous studies have shown that, in general, minimum air temperatures have increased more than maximum air temperatures during the 20th century [13, 26] . In summer 2003, however, maximum air temperatures appear to have departed more strongly from the long-term mean values than minimum air temperatures.
Air temperatures over Europe were indeed exceptionally high in summer 2003, but they were less so compared to air temperatures recorded in the last few decades, due to a strong increase in the number of hot summer days [22, 27] . From a global perspective, the ten warmest years were recorded after 1990 and the 1990' were clearly the hottest decade of the century [23] . The number of summer days with an air temperature exceeding 30
• C and the number of dry summer days is expected to continue to increase during the 21st century [11, 32] . Human influence has at least doubled (confidence level > 90%) the risk of a heat wave like that of 2003 [34] .
It is highly probable that the same persistent anticyclonic conditions as in 2003 would not have brought such high temperatures without global climate change. The conditions prevailing in summer 2003 can thus be considered to be a result of the combination of global warming and exceptional pressure conditions over Europe and the North Atlantic.
The drought can be expected to have particularly important consequences as it was not limited to a short period of the year. From a climatic point of view, the unusual weather in summer 2003 can be expected to have a strong impact on forest ecosystems as plant evaporation and transpiration during a drought episode depend both on the moisture availability at onset and on drought severity and duration. Although transpiration may decrease during the episode (e.g. by leaf curling or leaf shedding) as plants attempt to conserve water, this selfregulation is limited. The drought experienced by the vegetation was long and strong. It was increased by the exceptionally high air temperatures during summer 2003, and by the high sunshine duration, which reinforced evaporative stress. We suggest that analyses of the consequences of the 2003 drought on ecosystems should take high air temperatures, strong sunshine duration and low relative humidity into consideration as well as the low precipitation. This series of 17 months with scarce precipitation was only briefly interrupted, in October and January. Sunshine duration was also extremely high and relative humidity extremely low during the whole year of 2003. Every month brought more sunshine than normal. February and March were particularly sunny compared to long-term mean values. Departure from normal sunshine duration values was strongest in regions which may usually have partly rainy and cloudy summers.
CONCLUSION
Air temperatures were most abnormal in June and August over an extremely wide geographical area with monthly anomalies of up to 6
• C in a large part of Europe. Maximum temperature anomalies were higher than minimum temperatures.
Analyses of the consequences on forest ecosystems should take into account the exceptional length and strength of the drought. They should also consider the fact that the exceptionally high air temperatures during summer 2003 reinforced the drought stress for the vegetation.
